In this study, we aim at developing a device that can display compliance property of an object for human fingertips. Pneumatic actuator is focused to be employed as our displaying device from view that pneumatic actuators bring minute force control property owing to the air compressibility. Concretely, pneumatic cylinders are set on a base plane with their head side edge by flexible joint, while their rod side one is connected with fingertip directly to display force feeling by regulating pressure in cylinder's chamber. Compliance control system is constructed on the developed displaying equipment. The validity of the proposed system is confirmed through some experiments and analysis.
INTRODUCTION
Virtual reality technologies have become one of the recent attracts in the industrial field including medical and welfare one, where the application to the virtual prototyping in mechanical CAD or the surgery simulation[1] are expected. Among such a virtual reality technologies, the development of the instruments which display force or tactile feeling is important because such a feeling, besides of the vision, plays an important role for human to recognize an environment.
In this study, we aim at developing a device to display compliance property for human to recognize an object. Pneumatic actuators are effective for this kind of instruments [2] [3] from a view that they bring minute force control property owing to the air compressibility which is indispensable for the recognition mounted to a fingertip directory. Therefore an arbitrary compliance feeling is displayed to each fingertip independently at the same time.
The spatial position of the fingertips are corresponding to that of hand model constructed in virtual environment. The desired compliance obtained based on the relative position between a hand model and an object are transferred to the displaying device as a reference compliance property. In the displaying device, the desired compliance property is realized by constructing compliance control system. The validities of the proposed displaying system are verified through some experiments and analysis to be shown in the following. Figure (c) shows a pneumatic driving circuit of one displaying unit. A low friction type pneumatic cylinder(Airpel Co. Ltd., 9 mm in diameter and 50 mm in rod stroke) is employed by expecting a minute force control ability. Pressure in each cylinder's chamber , pi, P2 are detected by pressure sensor and the displacement of piston rod Q is measured by wire type rotary encoder, where is set to be 0 when piston rod is at the middle point in stroke. The A/D converter is of 12 bit resolution.
A control signal u calculated every sampling period(10ms) in a computer drives flow control type servo valves(FESTO, 50 Q /min) through D/A converter (resolution of 12bit). Supply pressure is set to be ps=250 kPa.
The control parameters are explained in Table 1 . The linearized state equations of pressure in cylinder's chamber are described by the following equation. in Table 2 . The inclination angle of cylinder is expressed by 0 for y axis and b for x axis. Therefore the spatial position of fingertip Ri = (xi, yi, zi) in a work space is obtained as
, where Lo = 175 mm is a length between base point and fingertip when the piston rod is in a middle length.
COMPLIANCE DISPLAY SCHEME Fig.3 shows the geometrical model between finger and object. Seeing from the figure, It is rational to construct a compliance control system on an equipment. Fig.4 shows the proposed control system. In this study position based compliance control scheme is introduced.
A variable with upper-case letter represents Laplace transformed variable vector and the transfer function in a block shows one element of the diagonal transfer function matrix.
In generally, compliance control needs a force sensor, however attaching a force sensor at the end of pis- ton rod may loose mechanical simplicity. Therefore we introduce a disturbance observer [5] for the transfer part Pk and estimate force applied by human as F. F is fed back through a compliance matrix K-1 and position control system is constructed in the inner part. Position control system is constructed based on pressure control in order that the closed loop transfer function may follow the 3rd order model shown in Eq. (4), where the block with a doublet represents a control system of generating force Fg as shown in Fig.5 , which works to lower the influence of piston rod velocity that acts as disturbance on pressure response as shown in Eq.
(1) as well as to make Fg to follow to the reference value Fr with time constant Tim [4] .
The reference position Lr corresponds to the position of the point which finger touches on.
In the frequency range where Gr can be considered to be 1 and applied force is assumed to be estimated correctly, the following relation is formed. 
Force estimation property
In the next, the estimation property of the applied force is confirmed.
In the steady state with LT. = 0mrn, a sinusoidal force is applied on the piston rod through a force sensor. Fig.7 shows the estimation results, where dotted line indicates the estimated force F while solid one is a force measured by a sensor. Slight time lag is confirmed in a dotted line, which is resulted from a response lag in passing through a filter Q. Needless to say the response lag in estimating force become larger for more high frequent motion.
Compliance control property Fig.8 shows the static compliance control property, where the plot is a static ratio of f/e for the various setting stiffness K. Almost satisfactory control performance can be confirmed, which proves that force estimation and positioning control loop works properly simultaneously. Fig.9 shows the same experimental results with Fig.8 except that a transient from unconstrained space to constrained one is included in a motion. Figure (a) and (b) shows the response of a motion of piston and force response, respectively. Now we assume that finger contacts with an object ate= 0 mm. After sinusoidal motion in unconstrained space, piston is pushed down and contact with an object at t= 51 s. During a piston moves in unconstrained space (f> 0), it is desirable for finger not to feel an reaction force at all from an equipment. In a current control strategy, reference of generation force fr in Fig.5 is set to be 0 not to display force for fingertip when piston moves in an unconstrained space, however, seeing from a figure (b), in the interval t< 51 s, reaction force(about 1 N) is confirmed. A control method to cancel a reaction force in unconstrained When human recognize an elastic characteristic of an object, they sometimes execute an exploratory behavior by pushing on the surface around. We here verify the control performance in displaying a change of elastic characteristic by tracing a local area surface, like this exploring motion is expected to be applied for such as a palpation action. For the simplicity, the experiment is done for the middle finger equipment which stands on the origin of a coordinate system. The shape of an object is assumed to be hemisphere with radius of 175 mm, which means a finger contacts with the surface when e = 0 mm. Fig .10 shows the local elastic characteristic model, where stiffness K is set to follow Eq.(6). In this model, according for a fingertip to approach to the point(x= y = 0) stiffness becomes larger with maximum of 1.0 N/mm. Figure (b) shows the applied force for an object, where solid and dotted line indicate a measured force by a force sensor and estimated one, respectively. As seen in the figure, human tried to apply a force as constantly as they can during the motion.
Figure (c) shows the displacement of piston rod, where solid line indicates the actual displacement while dotted one corresponds to the desired displacement (f/K at that point) . When the contact point across over the rigid area, an increase of displacement of piston rod can be confirmed, which makes human feel getting over an projection. Figure (d) shows the realized stiffness, where dotted line is a value from a model shown in Eq.(6) and solid one shows the actual stiffness calculated based on the measured force and displacement. There exist an error of maximum 0.1 N/mm. The accuracy of displaying stiffness is related with a resolution needed to recognize an object. These considerations are currently under the investigation.
CONCLUSION
In this study, we developed a device to display a force for each fingertip and applied to display compliance property of an object. A compliance displaying scheme is proposed, where the applied force is estimated using a disturbance observer and the desired compliance related with a position of fingertip is realized by constructing a compliance control system.
The basic compliance displaying properties has been confirmed through some experiments.
In the next step, we aim at applying to an actual object such as a lump in a bodily surface. Currently only a stiffness is set on a control system, however, in an application for such a practical use, compliance property may have to be considered in dynamic frequency range (concretely impedance control may be needed). Control strategy(compliance or impedance?) including setting a prospective parameter which is specialized for the application is under the investigation.
